H2N C(:NH)*NH*[CH2]3 CH(NH2) CO2H + H2N [CH2]2-0 PO(OH)* OCH2-CH(NH2) CO2H
Arginine 2-Aminoethyl 2-amino-2-carboxyethyl hydrogen phosphate
H2N-C(:CH) NH4[CH2]2 0 PO(OH) 0 O * CH2-CH(NH1) CO2H + H2N [CH2]3 CH(NH1)C02H
Lombricine Ornithine D-sermne, as with lombricine (Beatty, Magrath & Ennor, 1959) . If, however, SEP is the precursor of lombricine, it would be expected to contain Dserine, contrasting sharply with the SEP isolated from turtle muscle which has been reported to contain the L-enantiomorph (Roberts & Lowe, 1954) . Experiments now in progress should determine this point. The detection of SEP in extracts of worm tissue is only the second occasion on which this compound has been found in Nature. It was first isolated by Roberts & Lowe (1954) from extracts of turtle muscle, where it is believed to exceed 50 mg./ 100 g. Roberts & Lowe (1954) showed conclusively that L-serine was present in the molecule and the suggested structural formula was confirmed by synthesis (Jones & Lipkin, 1956) . SEP has not yet been shown to be the biological precursor of lombricine, and it is possible that the amidine group is introduced at an earlier stage of the biosynthesis. This, however, seems unlikely and several considerations suggest that SEP is the precursor: it is present in extremely small amounts, as might be expected of a biological intermediate; and it gives rise, by non-enzymic guanylation, to a product indistinguishable from natural lombricine.
The amidine group of the latter may arise from arginine by transamidination, as shown by the reaction at the top of this page.
Arginine appears to be the biological source of this group in all the naturally occurring guanidines so far investigated (cf. Ratner & Rochovansky, 1956) . Experiments are now in progress to detect, in earthworm tissue, a transamidinase capable of transferring the amidine group from arginine to SEP to yield lombricine. The biological routes by which both lombricine and SEP are synthesized are also under investigation. SUMMARY 1. A simple method for isolating 2-guanidinoethyl 2-amino-2-carboxyethyl hydrogen phosphate (lombricine) from natural sources has been described. The method results in good yields of analytically-pure crystalline material.
2. 2-Aminoethyl 2-amino-2-carboxyethylhydrogen phosphate has been detected in earthworm extracts and it is suggested that this compound is the biological precursor of lombricine. The precursor was identified by the preparation of a guanylated derivative, by degradative procedures and by comparison with the synthetic product. bind and hydrolyse aliphatic esters of phenols such as p-nitrophenyl acetate (Hartley & Kilby, 1954) .
We have suggested that the reactions of chymotrypsin with its substrates involve three steps (Hammond & Gutfreund, 1955; Gutfreund & Sturtevant, 1956a, b) . The first of these steps is a rapid adsorption of the substrate on to the specificity site of the enzyme, the second involves a chemical reaction resulting in the acylation of the catalytic site of the enzyme and the third step involves the hydrolysis of the acyl-enzyme (see Scheme 1). k1 k2 Bernhard & Gutfreund (1958) that different enzyme-substrate intermediates might occur during the reaction of chymotrypsin with substrates which are more like its natural ones, namely compounds of aromatic amino acids. The present study with the nitrophenyl ester of N-benzyloxycarbonyl-L-tyrosine was suggested to us when Martin, Golubow & Axelrod (1959) prepared this compound and used it for the assay of chymotrypsin. The purpose of the experiments reported here was to find whether there is any evidence for the existence of an Nbenzyloxycarbonyl-tyrosyl-enzyme intermediate (compound II of Scheme 1) during the reaction of chymotrypsin with N-carbobenzoxy-L-tyrosine nitrophenylate, and, if such a compound exists, to find which group or groups of the enzyme are involved in its formation. It will be shown that an N-benzyloxycarbonyl-tyrosyl--enzyme intermediate is formed, but its formation is so rapid that its kinetics cannot be analysed and the chemistry of the formation of compound II with this substrate has therefore not been elucidated.
EXPERIMENTAL
Buffers. Potassium phosphate solutions (0-05 M) containing 20% (v/v) of propan-2-ol, pH 7-2 (as measured with a glass electrode), were used as solvent in all reaction mixtures.
Enzyme. The chymotrypsin stock solution was prepared by activation of crystalline chymotrypsinogen (Worthington Biochemical Corp., Freehold, N.J., U.S.A.) by the method of Northrop, Kunitz & Herriott (1948) . Recrystallized enzyme was stored at 20 in a solution of pH 5.0. It was assayed by measuring the initial rapid liberation of nitrophenol on addition of a portion of the enzyme to a solution (1 mM) of nitrophenyl acetate (Hartley & Kilby, 1954) . The data of Biggs (1954) were used for calculation of the concentration of nitrophenol from the extinction at 400 mp and pH. The stock solution was adjusted to be 2 mm with respect to active enzyme.
Substrates. p-Nitrophenyl acetate was kindly supplied by Dr W. N. Aldridge; the p-nitrophenyl ester of N-benzyloxycarbonyl-L-tyrosine (CTN) was kindly supplied by Dr C. J. Martin (Martin et al. 1959 ).
Spectrophotometric techniques. The results reported in this paper relied on the photometric observation of the rate of appearance of p-nitrophenol during the hydrolysis of pnitrophenyl esters. Observations on a time scale of minutes were carried out in a Unicam spectrophotometer (SP. 500) at 400 mp. The rapid-reaction measurements, on a time scale of fractions of a second, were carried out in a stopped-flow machine (Gibson, 1954) as modified by for the observation of the rate of appearance ofp-nitrophenoxide ions during enzyme reactions. The magnitude of the deflexions of the oscilloscope beam were calibrated against standard solutions of known p-nitrophenol concentration. It was found that over the concentration range of p-nitrophenol used (0-50 rM) the instrument gave a linear response to concentration changes, which were calibrated in cm. deflexion per 10 ,M-p-nitrophenol. Since all the solutions used were of the same pH and in the same solvent the proportion of p-nitrophenol in the ionized, coloured form was constant.
The time base of the 'solarscope' oscilloscope (Solartron Electronic Group Ltd., Thames Ditton, Surrey) was used for the determination of reaction velocities. Photographs of the oscilloscope tracings were projected in an enlarger and drawn on graph paper together with markers which gave a direct measure of the enlargement factor from oscilloscope screen to graph paper.
RESULTS
The Michaelis parameters for the reaction of chymotrypsin with CTN have been determined by Martin et al. (1959) From studies of this model system under conditions when reaction half-times from 1 to 10 msec. were observed we could draw the conclusion that for reactions with half-times of 10 msec. or more at least 90 % of the course of the reaction can be observed. However, for reactions with half-times of 1 msec. only about 10 % of the reaction could be observed, which means that three half-times must have passed between mixing and start of observation. DISCUSSION
The results presented in Figs. 1 and 2 show clearly that during the reaction of chymotrypsin with CTN there occurs an initial rapid liberation of 1 mole of p-nitrophenol/mole of chymotrypsin and a slower subsequent steady-state liberation of pnitrophenol. This sequence of events is similar to that observed for the chymotrypsin-catalysed hydrolysis of p-nitrophenyl acetate, except that both the steps characterized by the rate constants k2 and k3 (see Scheme 1) are faster by a factor of at least 103 for the tyrosine derivative. It is shown that within the time resolution of the method used the initial formation of compound II with CTN is instantaneous. Tests with model systems of the stopped-flow arrangement used here for mixing and observing reactants have shown that the reaction mixture in the observation chamber is about 3 msec. old. The formation of compound II is essentially complete within that time interval and it can be stated therefore that for the chymotrypsin-CTN reaction k2 > 1000 sec.-'. The rate constant k3 of the decomposition of the N-benzyloxycarbonyl-L-tyrosine-chymotrypsin compound is given by the steady-state rate k,, of the overall enzyme reaction for which it is rate-determining. It has been shown that under optimum conditions at 250 ko = 300 sec.-'. This value can be compared directly with the turnover number for chymotrypsin with benzoyl L-tyrosine amide ko = 0-24 sec.-' (MacAllister, 1949) and benzoyl L-tyrosine ethyl ester ko = 200 (Gutfreund & Sturtevant, 1956 b) .We have suggested (Gutfreund & Sturtevant, 1956b) that for the hydrolysis of the amide k2 is ratedetermining, whereas for the hydrolysis of the ethyl ester the two steps characterized by k2 and k3 jointly control the overall rate. It can be shown that a comparison of the reactions of the three substrates mentioned above (benzoyl L-tyrosine ethyl ester, benzoyl L-tyrosine amide and CTN) is fully consistent with and gives support to Scheme 1 as a description of chymotrypsin-catalysed hydrolysis reactions. The major difference in the reactions of chymotrypsin with the three substrates is in the rate of the second step, which involves a nucleophilic attack by the catalytic groups of the enzyme 34 on the carbonyl group of the substrate. A comparison of the non-enzymic hydrolysis by nucleophilic reagents shows that aliphatic esters of carboxylic acids are much more rapidly hydrolysed than amides and that nitrophenyl esters are much more rapidly hydrolysed than aliphatic esters (Bender, Ginger & Kemp, 1954; Bender & Turnquest, 1955 , 1957 . Our conclusion about the relative rates for the three substrates of the enzymic step characterized by k2 (see Table 1 ) is in accord with the expected chemical reactivities of the different tyrosine compounds. The final step of the enzyme-catalysed hydrolysis reaction, which is characterized by k3, must be nearly identical for the three tyrosine substrates, since compound II is nearly identical in the three cases.
A comparison of the Km values for the three types of substrates is also instructive. Table 1 , the faster the rate of formation of compound II, the smaller the value for Km for the overall reaction.
In this way we have been able to show that tyrosine substrates of chymotrypsin form distinct intermediate compounds with the enzyme. It is only to be regretted that the formation of this compound is so rapid that it has so far not been possible to study the effect of hydrogen ions and changes of other conditions on the rate of its formation. We cannot therefore give a definite answer to the question whether a serine hydroxyl group is acylated by the tyrosyl residue. It is, however, very suggestive that an imidazolecatalysed acylation of the enzyme as well as an imidazole-catalysed hydrolysis of an acyl-enzyme compound occurs in the manner suggested by Gutfreund & Sturtevant (1956b) for the hydrolysis of p-nitrophenyl acetate. Martin et al. (1959) have shown that the overall rate of chymotrypsincatalysed hydrolysis of CTN has a pH profile corresponding to the involvement of a histidine imidazole residue in the reaction. It is clear from our results that this corresponds to the catalytic role of a free imidazole group in the decomposition of the acyl-enzyme compound and is evidence for a group other than the imidazole group of the catalytic site being responsible for combining the tyrosyl group with the enzyme.
Bioch. 1959, 7 3 SUMMARY 1. The reactions between chymotrypsin and the p-nitrophenyl ester of N-benzyloxycarbonyl Ltyrosine have been studied by a fast-reaction photometric method.
2. It has been shown that an N-benzyloxycarbonyl-L-tyrosine-chymotrypsin compoundis formed as an intermediate in the enzymic hydrolysis of this substrate. The formation of this intermediate compound is so fast (k > 1000 sec.-') that its kinetics could not be studied.
3. A comparison of the reaction parameters of the chymotrypsin-catalysed hydrolysis of the amide, ethyl ester and p-nitrophenyl ester of tyrosine gives further support to a three-step reaction scheme for enzymic hydrolysis, which has been previously proposed.
We are most grateful to Dr C. J. Martin for a sample of the p-nitrophenyl ester of N-benzyloxycarbonyl-L-tyrosine as well as for some helpful advice.
